Abstract. Paracoccidioides brasiliensis, the causative agent of paracoccidioidomycosis (PCM), was first isolated from armadillos from the Amazonian region where the mycosis is uncommon. In the present study, we report on the high incidence of PCM infection in armadillos from a hyperendemic region of the disease. Four nine-banded armadillos (Dasypus novemcinctus) were captured in the endemic area of Botucatu, Sao Paulo, Brazil, killed by manual cervical dislocation and autopsied under sterile conditions. Fragments of lung, spleen, liver, and mesenteric lymph nodes were processed for histology, cultured on Mycosel agar at 37ЊC, and homogenized for inoculation into the testis and peritoneum of hamsters. The animals were killed from week 6 to week 20 postinoculation and fragments of liver, lung, spleen, testis, and lymph nodes were cultured on brain heart infusion agar at 37ЊC. Paracoccidioides brasiliensis was isolated from three armadillos both by direct organ culture and from the liver, spleen, lung, and mesenteric lymph nodes of hamsters. In addition, one positive armadillo presented histologically proven PCM disease in a mesenteric lymph node. The three armadillos isolates (Pb-A1, Pb-A2, and Pb-A4) presented thermodependent dimorphism, urease activity, and casein assimilation, showed amplification of the gp43 gene, and were highly virulent in intratesticularly inoculated hamsters. The isolates expressed the gp43 glycoprotein, the immunodominant antigen of the fungus, and reacted with a pool of sera from PCM patients. Taken together, the present data confirm that armadillos are a natural reservoir of P. brasiliensis and demonstrate that the animal is a sylvan host to the fungus.
The ecologic niche of Paracoccidioides brasiliensis, the etiologic agent of paracoccidioidomycosis (PCM), has not been determined and has proved to be a difficult task for mycologists. 1 Several factors have contributed to this difficulty, such as the rare isolation of the fungus from the environment, [2] [3] [4] [5] [6] the prolonged latency period of the disease, 7 and the lack of reports of the disease in domestic or wild animals 8, 9 and of outbreaks. 10, 11 Naiff and others reported on the isolation of P. brasiliensis from nine-banded armadillos (20% of the studied animals) in Tucurui, Para, Brazil, which is located in the Amazon region, considered to be a nonendemic area of the disease. 12 In the present study, we confirm these findings and describe the frequent isolation of the fungus from nine-banded armadillos from a hyperendemic region of the disease. We believe that armadillos, which are animals that live in welldefined environmental conditions with no apparent migration habits, 13, 14 may represent an important biological indicator for the elucidation of the ecologic niche of P. brasiliensis and as a harbinger of PCM.
MATERIALS AND METHODS
Armadillos and sites of capture. Two adult male (armadillos 1 and 2) and two adult female (armadillos 3 and 4) nine-banded armadillos were studied. Armadillos 1, 2, and 3 were captured in Pratania County between January and May 1996, and armadillo 4 was captured in Manduri County in May 1996. Pratania and Manduri are located 100 km apart and belong to the same hyperendemic area of Botucatu (22Њ59'S, 48Њ26'W, average altitude ϭ 800 m). 15 The animals were captured under a license from the Brazilian Federal Environmental Protection Agency. The animals were killed by manual cervical dislocation and autopsied under sterile conditions.
Histopathologic observations. Fragments of the lung, spleen, mesenteric lymph nodes, and liver were fixed in 10% formalin, processed for histology, and stained with hematoxylin and eosin, periodic acid-Schiff, and Gomori-Grocott methanamine silver stain.
Direct organ culture. Six to nine 8-60 mm 3 fragments of the lung, spleen, mesenteric lymph node, and liver were placed on 15 ϫ 90 mm Mycosel agar (BBL; Becton Dickinson and Co., Cockeysville, MD) plates supplemented with gentamicin (40 g/ml) at 37ЊC for three weeks. The plates were checked daily for the detection of growing cerebriform yeast colonies on the fragments.
Animal inoculation. The remaining liver, lung, and spleen (about 10 g each) were homogenized together in a ceramic mortar with 150 ml of phosphate-buffered saline (PBS) (5 ml/ g of tissue). After thorough mixing and filtration through gauze, 0.2 ml or 1.0 ml of the suspension was inoculated with a hypodermic needle into the right testis (IT) or intraperitoneally (IP) in two groups of 20 eight-week-old adult male hamsters, respectively. Groups of animals were killed from week 6 to week 20 postinoculation and small fragments of liver, lung, spleen, testis, and lymph nodes collected aseptically were plated onto 1% brain heart infusion dextrose agar (BHIDA) containing chloramphenicol (50 g/ml), gentamicin (50 g/ml), and cyclohexamide (400 g/ ml) and supplemented with horse serum (4%) and growthpromoting factor for P. brasiliensis (5%), obtained from the supernatant of old liquid cultures, at 35-37ЊC. 16 Samples of all the cerebriform yeast colonies obtained from direct organ cultures or from cultures of the organs of inoculated hamsters were subjected to mycologic, physio-logic, immunologic, and genetic studies and also tested for virulence.
Mycologic studies. The criteria for the identification of the isolates included colonial and cellular morphology (mycelium and yeast cultures, giant colony, slide culture), yeastto-mycelium-to-yeast transformation, and physiologic features (casein assimilation, urease and gelatinase activity).
Fragments of the colonies were stained with lactophenol cotton blue and observed under the light microscope for the detection of multiple budding cells (MB). The MB-positive sprouts were transferred onto BHIDA slants at 37ЊC and Mycosel agar, 2% Sabouraud dextrose agar (SDA), and potato dextrose agar (PDA) slants at room temperature (approximately 25ЊC) for gross observations of both yeast and mycelial form colonies. Giant colonies were evaluated on SDA and PDA plates at room temperature for two months. Fourweek-old slide cultures on SDA and PDA at room temperature stained with lactophenol cotton blue were observed under the light microscope. Mycelial cultures on PDA or SDA slants were inoculated on BHIDA slants at 37ЊC for 14 days for yeast form conversion, and yeast cultures on BHIDA slants were transferred onto SDA and PDA slants at room temperature for 14 days to revert to the mycelial form. The isolates were cultured at 37ЊC for one week on Christensen urea agar slants (Eiken, Tokyo, Japan) to determine urease activity. We also evaluated casein assimilation on skim milk agar plates (50 g/L of skim milk and 15 g/L of agar) and gelatinase activity in gelatin tubes (40 g/L of gelatin) at room temperature for two months.
Immunologic studies. Antigen preparation. Samples of isolates were cultured in PYG medium (5 g of bactopeptone, 5 g of yeast extract, and 20 g of glucose in 1,000 ml of deionized water) for seven days under constant shaking (150 rpm) at 35ЊC. The fungal suspensions, maintained overnight at 4ЊC in merthiolate (0.5 g/L), were then washed three times in sterile saline by centrifugation at 3,000 rpm for 5 min. The fungal mass was resuspended in an equal volume of sterile saline containing 50 mM phenylmethylsulfonyl fluoride (20 g/ml) (Sigma, St. Louis, MO) as a protease inhibitor, and subjected to overnight to cell disruption using glass beads with magnetic agitation at 4ЊC. After centrifugation at 10,000 rpm for 40 min, the supernatant was dialyzed against distilled water for 48 hr, lyophilized, and stored at Ϫ20ЊC. At the time of use, the protein concentration of the samples was determined. 17 Human isolate Pb-18 of P. brasiliensis was used as a control.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The antigens were subjected to electrophoresis on a 10% polyacrylamide gel in the presence of 0.2% sodium dodecyl sulfate (SDS) in a discontinuous buffer system. 18 Lyophilized samples were dissolved in buffer containing 2% SDS, 0.7 M ␤-mercaptoethanol, 0.002% bromphenol blue, 10% glycerol, and 60 mM Tris-HCl, pH 6.8 and then heated at 100ЊC for 2 min. Approximately 125 g of protein from each sample was applied to the gel. Electrophoresis was performed at constant voltage (120 V) at room temperature for 4 hr. The polypeptide banding pattern was visualized by staining the gel with Coomassie blue and compared with a molecular mass standard in kilodaltons (Sigma).
Western blotting. After separation, the protein components were electrotransferred to nitrocellulose paper, which was then cut into strips. 19 The paper strips were saturated in 10 mM PBS, pH 7.2, with 5% skim milk (PBS-M) and incubated at room temperature with a pool of human sera from patients with proven cases of active PCM (pool of PCM sera), obtained from the University Hospital of the Botucatu Medical School, diluted in PBS-M. After the strips were washed with PBS, they were incubated with peroxidase-conjugated anti-human IgG (Sigma) diluted 1:4,000 in PBS-M for 5 hr at room temperature, and then washed with PBS-M. The peroxidase activity was developed with a preparation of 5 mg of 3,3'-diaminobenzidine (Sigma) in 30 ml of PBS, pH 7.2, and 150 l of 30% H 2 O 2 (Sigma). After color development, the strips were rinsed in distilled water, dried, and photographed.
Immunodiffusion. The agar-gel immunodiffusion test (ID) was performed using 1% agar (Merck, Darmstadt, Germany) in PBS. 20 The antigens prepared from the armadillo isolates were used at a concentration of 5 mg/ml, and the pool of PCM sera was tested at a 1:16 dilution. Slides were incubated overnight in a moist chamber at room temperature and washed for 1 hr in distilled water and then for 24 hr in PBS. After drying, they were stained for 10 min in 0.15% Coomassie blue (Sigma) in ethanol:acetic acid:water (4:2:4) and destained in the solvent mixture whenever necessary. Precipitation bands were recorded.
Genetic studies. Preparation of genomic DNAs. Genomic DNAs were extracted by adding 1 ml of TES buffer (50 mM EDTA, 20% glucose, 10 mM Tris, pH 8.0), 5 l of ␤-mercaptoethanol, and 5 mg of novozyme (Novo Nordisk, Bagsvaerd, Denmark) to yeast cell pellets. 21 The mixture was vortexed using six 30-sec bursts and incubated at 30ЊC for 2 hr and at Ϫ70ЊC for 10 min in dry ice plus ethanol. The mixture was centrifuged at 4,000 ϫ g for 5 min at room temperature. The pellet was added to 0.5 ml of TES buffer plus 0.5 ml of 10% SDS, incubated at 65ЊC for 30 min, and 200 l of 3 M sodium acetate and 50 l of RNAse (10 g/ml) were added. The mixture was incubated at 37ЊC for 30 min and then centrifuged at 10,000 ϫ g at 4ЊC for 10 min. The final supernatant was mixed with the same volume of phenolchloroform. The mixture was incubated at 4ЊC for 15 min with shaking, centrifuged at 12,000 ϫ g at 4ЊC for 10 min, and the supernatant was transferred to a new microcentrifuge tube, and further extracted with phenol-chloroform. The final supernatant was added (1:10 [v/v]) to 3 M sodium acetate plus 2.5 volumes of absolute ethanol (0ЊC), and incubated at Ϫ70ЊC for 4 hr and then centrifuged at 12,000 ϫ g at 4ЊC for 2 min to precipitate the nucleic acids. The DNA was washed with 1.0 ml of 70% alcohol (0ЊC) and centrifuged at 12,000 ϫ g at 4ЊC for 10 min. The pellet (DNA) was added to 100 of l TE buffer (1M Tris-HCl, pH 8.0, 0.5 M EDTA, pH 8.0) and incubated at 65ЊC for 5 min; an aliquot was removed to determine nucleic acid purity and concentration by spectroscopy at 260 and 280 nm.
Polymerase chain reaction (PCR) profile. The primers (30 bases each) were obtained from the P. brasiliensis gp43 gene sequence. 22 The PCR was carried out as follows. Every PCR mixture contained 20 ng of genomic DNA, 12.5 pmoles of each primer, 0.2 mM of dNTP mixture (Pharmacia, Uppsala, Sweden), and 1 U of Taq polymerase (Pharmacia) in the buffer provided by the manufacturer. The final volume of the reaction mixture was 25 l. After mixing, the tubes were placed in a thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) and programmed as follows: one cycle at 94ЊC for 3 min followed by 25 cycles at 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 1.5 min, followed by a cycle at 72ЊC for 7 min. The reaction product was analyzed by electrophoresis on 0.8% (w/v) agarose (agarose M, Mr ϭ 0.13; 17-04222-02; Pharmacia) gel slabs (10 cm ϫ 16 cm ϫ 6 mm) with TAE buffer (40 mM Tris base, 5.7% acetic acid, 1 mM EDTA, pH 8.0) at 100 V for 1 hr. Gels were stained with ethidium bromide, placed over a source of UV light, and photographed (667 film; Polaroid, Cambridge, MA). The molecular size of the DNA fragment was determined in relation to a molecular size standard derived from a 100-basepair ladder (Pharmacia).
Virulence in hamsters. Groups of five eight-week-old male outbred golden hamsters were inoculated IT with 2 ϫ 10 6 colony-forming units of each of the cerebriform yeast colonies isolated from the armadillos. The animals were killed at week 4 postinoculation; fragments of the testis, liver, lung, heart, kidney, and spleen were cultured on Mycosel agar plates at 37ЊC for three weeks and processed for histopathologic analysis as described above.
RESULTS
Environmental features of the sites where the armadillos were captured. The sites of capture of armadillos 1 and 2 were separated by a distance of 150 m and consisted of a 15-25 m-wide riparian forest around a lake, which contained a large amount of submerged decaying wood. The sites were located near an agricultural area for cotton, corn and beans, and a Pinus wood processing sawmill. The site of capture of armadillo 3 was covered with low vegetation consisting of grasses, herbs, and sparse scrubs close to an artificial lake with submerged decaying wood. It was close to a pasture field and an agricultural area for corn, beans, and sunflowers, and was located 3 km from the above sites. Sandy acid soil (pH 5.3) was present in all locations.
Armadillo 4 was captured in a site located along a riverbank, surrounded by a highly disturbed riparian forest in which natural trees were mixed with a newly planted eucalyptus forest. Pasture fields and sugar cane and coffee plantations were located nearby. This site was located 100 km from the previous sites and presented an alfisol type of soil.
Autopsy findings. Small whitish lesions were observed in the lungs of armadillos 1, 2, and 4, and enlarged mesenteric lymph nodes were observed in armadillos 2 and 4. The autopsy of armadillo 3 was unremarkable.
Histopathology. Epithelioid granulomas were observed in the liver of armadillos 2 and 4 and in the spleen of armadillo 2; no fungal structures were observed on hematoxylin and eosin-, periodic acid-Schiff-, or Gomori-Grocott methenaminestained slides. There were epithelioid granulomas containing fungal cells morphologically similar to P. brasiliensis ( Figure  1 ) in the mesenteric lymph nodes of armadillo 4. No granulomas were observed in the organs of armadillos 1 and 3. Isolation of P. brasiliensis. Paracoccidioides brasiliensis isolates were obtained from three armadillos (Pb-A1, Pb-A2, and Pb-A4) by direct organ culture. The number of fragments plated from each organ and the number of P. brasiliensis colonies isolated are presented in Table l . Colonies were isolated from the spleen of all three animals, from the liver of two animals, and from the mesenteric lymph nodes of one armadillo. Armadillo 4 was the most heavily infected animal.
Paracoccidioides brasiliensis was also isolated from organs of the hamsters inoculated IT or IP with organ macerates from armadillos 1, 2, and 4. The two routes of inoculation resulted in good fungal recovery from spleen and liver, and less frequently from the lungs. The fungus was frequently isolated from the testis, which was evaluated only in the IT group.
Mycologic studies. The three P. brasiliensis isolates cultured on SDA slants at room temperature showed colonies with a white cotton-like surface with or without central fissures; the reverses were brownish in color. On PDA slants, the cultures showed a white to yellow cotton-like surface and the reverses were dark brown or dark wine red. The yeast form cultures on BHIDA slants were cream colored with a typical cerebriform aspect (Figure 2) .
Mycelial growth was slow on both SDA and PDA plates, with mean diameters of giant colonies ranging from 10 to 21 mm on SDA and from 23 to 32 mm on PDA.
Chlamydospores, arthroconidia, and aleuroconidia were observed in material cultured on SDA and PDA at room temperature for four weeks (Figure 3) . Multiple budding consisting of mother cells (10-50 m in diameter) with daughter cells (1-20 m in diameter) attached through a narrow base was observed in yeast forms cultured on BHI-DA slants at 37ЊC for three days in all three isolates ( Figure  4) . Thermodependent conversion from mycelium to yeast and the reverse, urease activity, and casein assimilation were observed in all three isolates. Only the Pb-A1 isolate was positive for gelatinase activity.
Immunodiffusion. The antigens of the three armadillo isolates and of a control human isolate (Pb-18) reacted with a pool of human PCM sera.
Immunoblotting. The pool of human PCM sera strongly recognized the gp43-kD band in all the armadillo isolates and in Pb-18 used as control. Furthermore, several other bands were observed in the armadillo isolates ( Figure 5) .
Genetic studies. The three armadillo isolates showed positive amplification of the gp43 gene in a pattern similar to that of the control isolate ( Figure 6 ).
Pathogenicity in hamsters.
No mortality occurred among the hamsters inoculated with the three armadillo isolates dur- ing the observation period. Mild-to-severe testicular enlargement and small white spots in the liver were observed in all infected animals. Histology showed that all inoculated testes developed confluent epithelioid granulomata with a necrotic center and numerous fungal yeast cells with multiple budding. Disseminated lesions were detected in lymph nodes (Figure 7) , liver, lungs, spleen, and adrenal glands.
DISCUSSION
The present study confirms the occurrence of PCM infection in armadillos. 12 Since we studied animals captured in a hyperendemic region of PCM, the frequency of wild infection was higher (75%) compared with the data reported by Naiff and others (20%). 12 The fungus was isolated from the liver and spleen of the animals, as previously reported, 12 as well as from the mesenteric lymph nodes, further documenting the systemic nature of the infection. The fungus was recovered from all of these viscera by animal inoculation of organ macerates, as also used by Naiff and others, 12 and by direct culture of small organ fragments.
The three new armadillo isolates were identified as P. brasiliensis by mycologic, immunologic, and molecular techniques. In addition, they were virulent to hamsters as were the Amazonian isolates of Vidal and others. 23 The three isolates presented the gp43 gene and expressed the corresponding protein, considered to be the immunodominant antigen of the fungus.
An additional interesting finding was the histopathologic evidence of active PCM disease, involving a mesenteric lymph node in one of the armadillos. This indicates that the animals are not only healthy carriers of the fungus, as previously demonstrated, 12 but can also develop PCM disease. This finding was recently confirmed by a report on an armadillo captured in a coffee farm close to our endemic area that presented paracoccidioidal granulomas in the lungs (Silva MLV, University of Sao Paulo, unpublished data). Paracoccidioides in armadillos comes as no surprise since these animals have a low body temperature, 14 weak cell-mediated immunity, 24 and have been previously indicated as model organisms for several other infectious disease. 25 The fungus has never been regularly isolated from other animals, although evidence of infection, as detected by paracoccidoidin skin testing, 8, 9 was presumed to occur both in domestic and wild animals. The previous reports of isolation of P. brasiliensis from the feces of an Antarctic penguin, 26 from the intestinal tract of three fructivorous bats (Artibeus lituratus), 3 and from a biopsy specimen of a squirrel monkey (Saimiri sciureus) 27 have never been confirmed by additional animal experiments or field work.
The confirmation of armadillos as a natural reservoir of PCM may provide the first valuable clues in the search for the natural habitat of P. brasiliensis. Nine-banded armadillos can be found from the southcentral United States to Argentina west of the Andean ridge, a distribution that has many points in common with that of human PCM. 11 The armadillos have a deep contact with soil due to their constant digging activity, both to look for food and to construct burrows to a depth of 4-6 m in which they convey plant material to build nests. 14, 15 The climatic features of armadillo holes are similar to those areas in which PCM is endemic; the temperature at this depth is relatively stable (approximately 20ЊC) and humidity approaches 70-80% throughout the year. 11 Armadillos wander, mainly during the night, along riverbank trails located in disturbed riparian forests. They are also found in areas with low vegetation, pastures, and crop plantations. 14, 15 Furthermore, these animals apparently do not migrate from their habitats. These simple behavioral habits make it easy to circumscribe the area where the animals acquire the fungus in nature. The environmental features of the places where the animals were captured strongly support previous hypotheses 11, 28, 29 that the natural habitat of P. brasiliensis is located in vegetation sites disturbed by humans near water sources. Blastomyces dermatitidis, considered to be a species related to P. brasiliensis both in terms of ecology and epidemiology, 30, 31 has a microniche also associated with bodies of water. 32, 33 Armadillos, similar to dogs for blastomycosis, 34 may be considered good sentinel animals for locating places in which P. brasiliensis is present, since they are frequently infected when living in areas endemic for PCM.
Armadillos, like humans, are probably infected by airborne P. brasiliensis conidia. It is unlikely that the disease is transmitted to humans by the animals since the yeast form of the fungus, as found in armadillo tissues, is of low infectivity. However, rural workers, the exposed population in endemic areas, have close contact with this animal, which is considered to be excellent game food. Both humans and armadillos are probably infected by a common environmental source, most likely located in disturbed gallery forests.
The ecosystem inhabited by armadillos, an underground protected niche, with soil and plant debris, may have played a relevant role in the evolution and natural adjustment to a condition of pathogenicity of P. brasiliensis. The same role has been attributed to other soil-inhabiting animals such as rodents for Penicillium marneffei. 35 Paracoccidioides brasiliensis presents some features of a species well adjusted to living in animal tissues, such as a strong tendency to induce chronic infection in the host and a small conidia production in the saprophytic phase, 7, 10, 11 similar to what has been observed in other fungi, such as zoophilic and anthropophilic dermatophytic species. 36 This possible zoophilic condition of P. brasiliensis in armadillos could also explain its low resistance to dryness 37 and low ability to survive as free organisms in natural unsterilized soil, 1 which might explain the great difficulty in recovering the fungus from nature.
We are carrying out further investigations by studying armadillos from different endemic regions and comparing the animal isolates with those obtained from patients. In addition, we will use primers of the gp43 gene to detect fungal DNA in soil and plant debris samples collected in armadillo holes.
